We have characterized binding activities in yeast which recognise the T-rich strand of the yeast ARS consensus element and have purified two of these to homogeneity. One (ACBP-60) is detectable in both nuclear and whole cell extracts, while the other (ACBP-67) is apparent only after fractionation of extracts by heparin-sepharose chromatography. The major binding activity detected in nuclear extracts was purified on a sequence-specific DNA affinity column as a single polypeptide with apparent mobility of 6OkDa (ACBP-60). This protein cofractionates with nuclei, is present at several thousand copies per cell and has a Kd for the T-rich single strand of the ARS consensus between 10-9 and 10-10 M. Competition studies with simple nucleic acid polymers show that ACBP-60 has marginally higher affinity for poly dT30 than for a 30 nt oligomer containing the T-rich strand of ARS 307, and approximately 10 fold higher affinity for poly rU. Internal sequence information of purified p60 reveals identity with the open reading frames of genes PUB1 and RNP1 which encode polyuridylate binding protein(s). The second binding activity, ACBP-67, also binds specifically to the T-rich single strand of the ARS consensus, but with considerably lower affinity than ACBP-60. Peptide sequence reveals that the 67kDa protein is identical to the major polyA binding protein in yeast, PAB1.
INTRODUCTION
In the yeast Saccharomyces cerevisiae, replication origins on plasmids and chromosomes are composed of at least two functionally distinct domains (reviewed in 1). One of these, the 11 bp ARS core consensus, is an essential element, although it is not sufficient for the initiation of DNA synthesis on autonomously replicating plasmids (2) (3) (4) (5) . The importance of the conserved ARS consensus was confirmed by mutagenesis studies which show that single point mutations reduce the replicative is likely to be a binding site for a sequence specific DNA binding protein involved in the formation of replication initiation complexes.
There is now convincing evidence that the integrity of the cisacting ARS consensus is important for the binding both in vitro and in vivo of a multiprotein complex called ORC (origin recognition complex), which recognizes double stranded ARS elements, contacting DNA at the conserved ARS consensus (A domain) and in the flanking B domain (8, 9) . By analogy with phage, bacterial and viral replication systems that have been reconstituted in vitro, initiation of replication in eukaryotic genomes is likely to be a multistep process in which origin recognition, helix opening, assembly of the replication complex and initiation of elongation are sequential events involving different components. The identification of one protein-DNA interaction involving the ARS consensus does not preclude the existence of others. Moreover, in vivo footprinting experiments suggest that the ORC complex is bound to potential origins throughout the cell cycle and may be present on both active and inactive origins, implying that mechanisms other than ORC-origin binding may regulate the timing and choice of sequences destined to be used in a given cell cycle (9) .
In the last few years, there have been a number of reports identifying single stranded binding activities in yeast, with apparent sequence specificity for the T-rich strand of the ARS core consensus (10) (11) (12) (13) . To To identify the size of the proteins implicated in these complexes, we analysed on SDS gels the polypeptides crosslinked by UV to the labelled oligonucleotide, under conditions chosen to favor formation of either complex 1 ( Figure ID Although complex 2 binding activity shows distinct preference for the T-rich over the A-rich strand of the ARS probe, we surmise from its relatively high abundance and low affinity that its in vitro DNA binding activity is unlikely to be of functional significance. We did not pursue the identity of the factor(s) forming complex 2 further (see Discussion).
During purification of the binding activity that produced complex 1 (see Figure 1A ), whole cell extracts were fractionated by heparin-sepharose chromatography. Analysis of the column elution profile by detection of denatured, UV crosslinked protein DNA complexes on SDS gels revealed the presence of not one, but two differently migrating activities ( Fig. 2A , labelled ACBP-60 and ACBP-67), which under certain conditions comigrate as complex 1 in bandshift assays. A major fraction of the faster-migrating ACBP-60 activity either did not bind heparin-sepharose or eluted from the column between 0.2M and 0.3M (NH4)2SO4 (Fig 2A lanes 2-6) . The complex formed in these fractions revealed a denatured product of an apparent molecular weight of 65 -7OkDa, after UV crosslinking of the labelled T-strand ARS sequence of 31 nt and analysis by SDS-PAGE. The slower migrating complex that eluted from heparinsepharose between 0.26M and O.4M (NH4)2SO4 ( Fig. 2A , lanes 5-11), revealed a UV crosslinked product that migrates with apparent molecular weight 75-8OkDa. Subsequent purification by affinity chromatography shows that these are two distinct polypeptides with different binding properties. One polypeptide has an apparent molecular weight of 6OkDa and is called ACBP-60; the other an apparent mobility of 67kDa, and was called ACBP-67, against which an antibody was raised (see Figures 2B and C). The 67 kDa ssARS binding activity revealed by heparin-sepharose chromatography of yeast whole cell extracts is polyadenylate binding protein-i. a) Yeast extracts were subjected to heparin-sepharose chromatography as described in Material and Methods. The column was eluted with a linear gradient of (NH4)2S04 (abelled NH4SO4) and fractions were tested for ARS binding activity by UV crosslining to the H4 ARS T-rich oligonucleotide followed by SDS-PAGE. The majority of the binding activity ded in crude whole cell and nuclear extracts eluted in the flowthrough from the heparin-sepharose column (lane 1). A minor portion (less than 10 %) of binding activity that comigrated with the one in the flowthrough, eluted between 0.2 and 0.3M (NH4)2SO04(lanes 2 to 7). In addition, a previously undetected, slower migrating activity eluted from the column between 0.3 and 0.4M (NH4)2SO4 (lanes 6 to 12). The position of the two major crosslinked complexes are indicated by arrows. (Note that the apparent molecular weights of the denatured complexes are due to contributions from both protein and DNA components). b) The heparin-sepharose column fractions containing the higher molecular weight binding activity (0.3 to 0.4M (NH4)2SO4) were pooled and further subjected to affinity chromatography on a streptavidin-agarose matrix linked to the T-rich strand of the H4 ARS oligonucleotide. The column was eluted with a stepwise gradient of KCI. The binding activity eluted at 0.3M KCI and coincided with the presence of a single polypeptide of 67 kDa. The figure shows a Coomassie stain of protein fractions from three stages of the purification scheme. H; heparin-sepharose 0.3 to 0.4 M pooled fractions, F; DNA affinity column flowthrough, A; affinity purified ACBP-67. c) Elution fractions containing the peak of ACBP-67 after DNA affinity chromatography were electrophoresed alongside bacterially expressed yeast PAB. The proteins were transfered to nitrocellulose and the filter was incubated with a polyclonal antibody raised against ACBP-67. Lane expressed in bacteria (gift of A. Sachs) and the ARS-T probe. We found identical bandshifts and crosslinked forms as shown in Figure 2A . Moreover, a polyclonal antibody raised against affinity purified ACBP-67, recognised bacterial expressed yPAB with equal efficiency (Fig 2C) . We conclude therefore that the 67kDa T-strand binding activity in yeast is the abundant cytoplasmic and nuclear protein encoded by PAB1. (20) . Together these observations suggest that yPAB's interaction with ssDNA is probably not biologically significant.
ARS consensus binding protein ACBP-60 has a Kd < 10-9
for T-rich DNA We next purified to homogeneity the second single strand DNA binding protein which upon crosslinking gave rise to the 65-70 kDa complex with the T-rich strand of the H4 ARS consensus (Figure 2A ). The flowthrough fraction from the heparin -sepharose was used as a source from which to further purify this activity, since the flowthrough was depleted for yPAB and many other RNA and DNA binding proteins. 3B ). This fraction gave rise to a complex in the band shift assay identical to complex 1 shown in Figure 1 ( Figure 3B ), and appears to represent the majority of the complex 1 binding activity originally detected in crude extracts. UV crosslinked complexes on SDS-PAGE were identical to that of UV crosslinked complexes in the heparin-sepharose flowthrough fraction (not shown). To confirm that the affinity purified binding activity is due to 60kDa polypeptide, protein fractions from the different stages of the purification procedure were analysed by Southwestern analysis in the presence of 1000 fold excess of non specific competitor DNA. The 32p labelled ARS-T probe bound a single protein band with identical mobility as ACBP-60 ( Figure  3C ). The ACBP-60 polypeptide was also detected by Southwestern analysis in unfractionated nuclear extracts, but was only faintly detected in cytoplasmic (post nuclear supernatant) extracts prepared from spheroplasts. Assuming no selective degradation of the protein in the cytosolic fraction, these results suggest that ACBP-60 is predominantly nuclear. The binding affinity of ACBP-60 for the ARS-T probe was determined by measuring the amounts of bound and free probe in gel retardation assays as a function of the amount of protein added to binding reactions that contained a constant amount of probe DNA. A Kd of approximately 2 x 10-9 M was estimated from several sets of data for a number of independent batches of purified ACBP-60, while similar measurements of the affinity of yPAB for the ARS-T probe gave values that were lower by several orders of magnitude (not shown). To obtain a relative assessment of the affinity of ACBP-60 compared to that of a known single strand binding protein RF-A (Replication Factor-A, see 1, for review), the two were compared in the presence of a titration of non-specific competitor DNA on the same gel. The ACBP-60 complex migrates slightly faster than the RFA-DNA complex (data not shown), while its affinity for the T-rich strand of the ARS consensus is comparable to that previously determined for RF-A binding to T-rich ssDNA (21) . Thus the dissociation constant of ACBP-60 is within the range expected for a single strand DNA-protein interaction of biological significance.
Affinity for a T-rich oligonucleotide does not necessarily mean that the protein can find its target in the midst of a longer stretch of DNA. For this reason we screened for an activity that recognises the ARS core consensus within the context of longer genomic fragments in nuclear extracts. The binding activity is sequence specific since it is detected in the presence of 5000 x(w/w) of non-specific single stranded competitor DNA, but is competed by only 10 fold excess of the unlabelled ARS-T oligonucleotide (Fig 4) . In addition, the observation that the protein is displaced by annealing of the complementary ARS-A oligonucleotide (Fig 4) , suggests that it binds only the ss T-rich ARS consensus. Unrelated T-rich single strand oligonucleotides which also contain 9/11 and 10/11 matches to the ARS consensus compete for binding but with sigificantly reduced efficiency than bona fide ARS consensus (Fig. 4, last two lanes) . One hundredfold excess of oligo dT also competes, whereas oligo dA does not (data not shown). Purified ACBP-60 shows a similar activity, while purified ACBP-67 produces no complex with long ARS containing genomic fragments.
ACBP-60 binds poly-dT and poly-rU with high affinity
In previous publications on yeast ss ARS binding proteins, the sensitivity of binding to point mutation in the ARS consensus was invoked as evidence that the protein might be involved in ARS function (10) (11) (12) . Figure 5 and are summarized below the bandshifts. Certain ARS-T oligonucleotides with point mutations in the consensus do compete with slightly reduced (at most 5-fold) or elevated efficiencies compared to the wildtype sequence (Fig. 5 , e.g. compare panel 1 with panel 8). To assess the significance of these rather subtle effects, competition experiments were carried out a number of times using both purified ACBP-60 and nuclear extracts, using mutant oligonucleotides of both 22 nt and 44 nt in length, Reciprocal experiments using 32p labelled mutant oligonucleotides as probe and the unlabelled wildtype DNA as competitor were also done (not shown). A general tendancy towards more efficient binding by oligonucleotides with the greater numbers of T residues was observed, but no strict correlation of higher affinity for consenses with ARS function was detected (see Discussion). For example, the AS to T mutant affmnity is unchanged or slightly enhanced, although this is a null mutant for ARS activity (6) . To test whether ACBP-60's affinity for one strand of the ARS consensus is a reflection of simple pyrimidine content, we have screened a series of simple nucleotide polymers as competitors for the ARS T-strand binding activity (Fig. 6A and 6B ). Both poly dT and poly rU were extremely effective competitiors of ACBP-60 binding to ARS-T strands, competing efficiently at 10 to 50-fold (w/w) excess over the probe ( Figure 6B ). All other homopolymers of ribo-and deoxyribonucleic acids tested were very inefficient competitors with little or no competition at 1000 to 10000-fold weight excess of competitor, as observed for random mixed sequence RNA or DNA ( Figure 6A ). The results confirm that ACBP-60 has a severely restricted sequence specificity for single stranded nucleic acid (poly dT or rU). The observation that poly dT30 competes for the ARS T-sequence about 5-fold better than poly dT14, and slightly better than the ARS consensus itself (Figure 6B) , suggests that the basis of ACBP-60's preference for the ARS-T strand over mixed sequence DNA is a reflection of its strong affinity for oligo dT tracts. Titrations of competitors for binding to an ARS-T probe suggest that the affinity of ACBP-60 for poly rU is about 10 fold higher than for poly dT, but due to the variation in the size of the poly rU molecules, the dissociation constant could not be accurately calculated.
ACPB-60 is polyuridylate binding protein-i Sequence information was obtained from 6 peptides of ACBP-60 generated by tryptic digestion and by cyanogen bromide cleavage.
Comparison of these sequences with the theoretical translation of DNA sequences in the EMBL data base suggest ACBP-60 is highly homologous, if not identical, to two recently identified open reading frames (RNPJ and PUB], probably defining the same gene), encoding RNA binding protein(s) of unknown function (19, 22, 23) . The alignment of these peptides with the predicted proteins based on sequencing the two independently cloned genes is shown in Figure 7 . Asterisks indicated the variations in translation product between RNPJ, PUB] and the peptide sequence results from ACBP-60. In three cases the ACBP-60 amino acid sequence diverges from the two published genes, and in two instances (the termination codon and the codon two amino acids upstream) RNP1p diverges from ACBP-60 and the predicted PUB Ip. While these differences could indicate the presence of two very closely related genes the fact that in a PUB] disruption strain there is no related protein detected by antibody, and no highly homologous gene cross-hybridizing with PUB1 probes (19) , suggests that differences reflect strain-specifc variation.
To confirm that the PUB] gene product is the only ss ARS binding activity of 6OkDa that we detect in yeast extracts, we made whole cell extracts from a diploid strain in which both copies of PUB] have been genetically disrupted (strain YJA504, 19) . The whole cell extracts of wild type and disrupted strains were incubated with the ss T-rich ARS probe in the presence of ssDNA competitor, subjected to UV crosslinking using our standard protocol, and analysed by gel electrophoresis. No (19, 23) , or RNPI (22) . The protein was identified in UV crosslinking studies as one of the major proteins associated with messenger RNA in yeast cells (19, 23) . In contrast to yPAB, PUBlp is found in both the nuclear and cytosolic compartments, and does not copurify with polysomes, nor to a significant extent with monosomes (19) . The majority of the cytosolic PUB1 protein is in a fraction <30S, which could represent either free protein or message-bound protein, but it is unlikely to be in a ribosomal complex. Bandshift studies on gels that determine complex size, suggest that the protein binds as a monomer (M.C., data not shown). Although it has recently been demonstrated that PUBip binds tightly to polyU RNA (as opposed to rC, rG, or rA) its affinity for ssDNA was previously unrecorded. PUB1 binds poly dT sequences with high affinity We have demonstrated that PUBlp binds with high affinity (10-10 M > Kd< 10-9 M) to the T-rich strand of naturally occurring sequences containing the ARS consensus (A/T TTTAT G/A TTT A/T) of S.cerevisiae, while it will not bind with any detectable affinity to the A-rich complementary strand nor to homopolymers of dA, dC or dIC. We can detect the PUBIp activity in whole cell and in nuclear extracts of yeast, in the presence of 5000 x excess of ss E. coli DNA and polyA RNA. PUBlp can bind the T-rich ARS consensus in a large stretch of single stranded genomic DNA (see Figure 4; .g 30, 31 ). Finally the GAR motif that is common to a number of RNA and ssDNA binding proteins is located between the second and third RBD's of PUBip (aa. 260-265).
The RNP-l motif appears to be involved directly in ss nucleic acid binding and, with its flanking loop regions, in the determination of specificity (32) . It has been demonstrated, for instance, that one repeat of the RBD motif is sufficient in the yeast PABI protein to maintain polyA binding activity (33) . In the Ul 7OkDa protein, as well, a single RBD with minimal flanking sequence binds specifically to U1RNA (34) . When the RNP-1 box of PUB] is compared with other RNP-containing proteins, the most homologous to the first and second copies of the RNP-1 motif is either that of the Drosophila protein EL4 V, or repeat three of mouse nucleolin (see summary, 31). Although PUB] is clearly not the yeast homologue of nucleolin, it is noteworthy that the region flanking RNP-2 also has high homology to that found in nucleolin, both contain a GAR motif (glycine and arginine rich stretch, see 22) , and both bind DNA and RNA (35) . In strong contrast to nucleolin, however, the C-terminus of PUBIp is proline-rich, and the N-terminus negatively charged.
Roles for ssDNA and RNA binding proteins An ever-increasing number of presumably sequence-specific single strand DNA binding proteins have been reported in the last three years. Examples include MF3 and myoD (36) , which are thought to function in transcriptional activation; RNP factors binding upstream of c-myc (37) ; two d(TC)n binding proteins (38, 39) ; PYBP, a pyrimidine-rich ss binding protein from human cells (40) ; the Drosophila DssRP binding activity which binds preferentially G and U residues (29) , as well as a series of ss binding proteins thought to recognize sequences at replication origins. These include: ssARS binding factors from yeast (10) (11) (12) (13) ; the human purine binding protein, pur (41); a single stranded DNA binding protein from Crithidia (42) ; and a factor that binds the inverted repeat domain of the SV40 origin in single stranded form (43) . In none of the above cases has the presumed function of the protein, based on its sequence preference, been confirmed by in vivo experiments.
Better substantiated is the biological role for poly rU binding proteins, such as the lupus antigen La (27, 28) , or factors that bind to premessenger RNA that determine splicing pattterns, such as the fly genes sex-lethal, or transformer 2 (44, 45) . Since PUBlp binds poly rU it is sensible to decipher its role in vivo by asking where one finds uridinyl tracts. Recently 3' terminal uridylyltransferase activity has been demonstrated in the nucleus of eukaryotic cells (46) , and natural substrates appear to be the U6 small nuclear RNA, other primary transcripts from pol HI in Xenopus (47) , transcripts of Alu families (48) , 7sRNA (49) , and certain viral transcripts (e.g. 50). In the case of PoliI transcripts, the poly rU tract appears to be a signal for transcriptional termination, involving the La protein (27, 28, 51) . In the RNA editing reaction in Tetrahymena mitochondria, the role of terminal uridylyltransferase in extending the poly U tail of guide RNAs has been demonstrated in vitro (52) . In view of its binding to both ss DNA and RNA, perhaps the most likely role of PUBIp is in message termination, for which, however, there must exist redundant activities.
Are there other single-strand ARS binding proteins in yeast? Reports of ssDNA binding proteins with affinity for sequences found near origins of replication have been published but in every case the identification of the protein is based exclusively on its affinity in vitro for the single stranded sequence, and no convincing evidence has yet been put forth showing that these proteins play a role in DNA replication in vivo. It was to this end that we purified and sequenced the major ssARS sequence binding activities, ACBP-60 and ACBP-67, both of which were present in the earlier preparations of ACBP published from this laboratory (10) . Although ACBP-60 was thought to be a breakdown product of the larger polypeptide, sequence data shows this not to be the case. We suggest that the ss ARS-T binding protein of Schmidt et al. (11) , is also identical to PUBlp, since the purified protein was also around 60kDa and both poly dT and poly rU compete somewhat for ss ARS-T binding activity. However, the strong differences (apparently > 5-fold) in affinity reported by Schmidt et al. for point mutations in the ARS consensus were not reproducible in our hands with purified PUBip, even using oligos kindly provided by G.Krauss. The third protein reported but not purified during our studies, migrates around 45kDa when crosslinked to the ssARS probe and shows even lower specificity for the ARS consensus. This may have been detected by others in bandshift assays (e.g. 12, 13).
Thus far the highest affinity ss ARS binding proteins that we have purified from either yeast nuclei or cytosolic fractions are RNP box containing proteins that also bind RNA. We did not purify RF-A by our approach since affinity chromatography was done in excess of random sequence ss DNA. Although we can not rule out that a low abundance nuclear protein that binds the ARS consensus has escaped our detection, it is clear that there was only one ss ARS binding activity associated with the nuclear scaffold (10) , and that this is almost certainly identical to PUBlp.
